Abstract: Based on the study of laser diode self-mixing interference effects, a simple and effective method that can improve fringe precision is presented. By employing an external reflecting mirror, theoretical and experimental results show an assured increase about two or three times in the resolution of the displacement measurement, which means a fringe shift is corresponding to a near 1/6 wavelength displacement of the target. At a small angle range, when the fringe precision is not fixed, this method can still have a relative high precision and a large measurement range. The maximum measurable displacement and error of precision are also discussed.
Introduction
Since the self-mixing interference (SMI) effect was reported 50 years ago, the well-known and viable technique has attracted considerable attention. In the self-mixing interferometric configuration, when the light reflected or backscattered by the external target re-enters the laser cavity, where it mixes with the lasing electromagnetic field, the frequency and power of the emitting light will be modulated. Compared with the traditional interference such as the Michelson interference, the advantages of SMI are its low cost and compactness, just needing a laser and a photodiode (PD). The optic path is very simple and self-aligning such that the reference path is not required. In recent decades, this SMI effect based on solid-state laser [1] , vertical cavity surface emitting laser (VCSEL) [2] , distributed feedback laser (DFB) [3] , and fiber laser [4] has been widely studied. The SMI signals can carry the information of the target; therefore, this technique has been used for a wide variety of measurements, including velocity [5] , absolute distance [6] , displacement [7] , vibration [8] , and thickness [9] .
In the typical SMI system, it is a restriction that a fringe shift of SMI signal corresponds to only a half wavelength displacement in the fringe-counting method. Cheng and Zhang [10] reported that they provided a method to discriminate the direction and improves the resolution 17 times. However, their system requires a partially reflecting measured target whose transmittance and reflectance are difficult to know in actual measurements; hence, this method is inconvenient to be applied since the fringe precision is unpredictable. In this paper, we present a simple method that can effectively improve the fringe precision merely by employing an external reflecting mirror. Fringe precision values of near 1/4 and 1/6 wavelengths, respectively, were obtained by simply adjusting the external reflect mirror to increase the reflection number of the target. The experimental results have a good correspondence with theoretical analysis. The practical limitations related to obtain a higher fringe precision are analyzed theoretically.
Theoretical Analysis
The theory of SMI effects has been widely studied [11] , [12] . In the presence of optical feedback, the laser cavity and the external cavity form a three-facet Fabry-Pé rot optical system. Based on an analytical steady-state solution, the emitted laser power usually is written as
which is amplitude modulated by a periodic (period T ¼ 2) interferometric function F ðÞ. In (1), P 0 is the laser power without optical feedback and m is the modulation index; ¼ 2kL ¼ 4L= is the optical phase shift of the external path with k being the wave vector, being the wavelength, and L being the variation of distance from the laser diode (LD) to the target. The shape of the function F ðÞ depends on feedback strength parameter C [13] , which, in turn, depends on laser parameters, mismatch coefficient, target distance, and laser cavity length. Since parameter C is unrelated to our purpose, we would stay only in the weak self-mixing regime ðC G 1Þ in the experiment. For the periodic interferometric function, if the minimum displacement of the target that can cause a fringe shift (corresponding to a 2 external phase shift) is set to ÁL, the relationship between the changed phase ðÁÞ and the small displacement of the target ðÁLÞ can be given as
Therefore, from (2), ÁL ¼ =2, that is, the fringe precision in a typical SMI system (reflected vertically), is half wavelength of the displacement. In our design (see Fig. 1 ), which is different from the case of being reflected vertically, the vibratory target ðM 1 Þ is first rotated at a certain angle ðÞ. Then an external reflecting mirror ðM 2 Þ is employed to make the light re-enter the laser cavity along backtrack. Therefore, the laser beam will be reflected twice by the target. In the schematic, ray propagation analysis shows that the actual optical path is ÁL 0 ¼ 2ÁL cos , and it is no longer a real displacement of the target (see BÁL[ in (2), should be fixed by the actual optical path ðÁL 0 Þ, and the variation of the external phase can be written as
Therefore, from (3), the actual resolution can be expressed as
and depends on angle . In other words, the number of SMI signal fringes will become 2 cos times in the same amplitude of target.
Experiment and Results
The experiment setup is shown in Fig. 2 . We use an LD (FU650AD5_C9N) as the light source, emitting up to 5 mW at 650 nm on a single longitudinal mode, driven by a constant current supply. A piece of M 1 is pasted on the speaker (driven by AFG3022 signal generator and vibrates harmonically), which is mounted on a microrotating stage placed at a distance of 12 cm from the laser source. M 2 is 2 cm away from the speaker to keep the laser intensity and working space. The angle of M 2 is adjusted to ensure that the collimated beam re-enters the laser cavity. The changes of laser power are detected by a power-monitor PD packaged in the LD and transformed into current, which will be amplified by a transimpedance amplifier and acquired by a computer via a PC-USB oscilloscope (Hantek-DSO3604A). At first, the external mirror ðM 2 Þ is removed, and adjusting the angle of the speaker makes the laser beam reflected vertically. Fig. 3(a) and (b) illustrates the waveform of the 3.6-V speaker driving voltage and the corresponding waveform of the SMI, respectively. Obviously, the number of fringes will decrease with the reduction of the driving voltage. When the driving voltage is reduced to 1 V [see Fig. 3(c) ], it is hard to observe a fringe in the SMI signal, as shown in Fig. 3(d) . It indicates that the vibratory displacement is less than 1/2 wavelength when the driving voltage is 1 V. Fig. 3(e) shows the SMI signal by rotating the speaker with a small angle and adjusting M 2 to make the laser beam re-enter the laser cavity along backtrack. In this case, one more fringe appears in the SMI signal. The result demonstrates clearly that the fringe precision is improved by employing an external reflecting mirror.
As shown in the above theoretical analysis, the improvement of fringe precision depends on the rotated angle of the target (4). Therefore, the SMI signals at different angles are recorded, as shown in Fig. 4 . For each angle, we fine-tune M 2 and the variable attenuator to achieve the best SMI signal. Fig. 4 clearly shows that the number of fringes gradually decreases with the increase in the rotated angle under the same driving voltage of the speaker. When the rotated angle is 60 , the SMI signal is renewed to the initial waveform without M 2 [see Fig. 4(b) ]. Therefore, higher fringe precision could be obtained with a smaller angle of the speaker. When ¼ 10 , the fringe precision is =3:94, which is close to the ideal precision =4.
The above study shows that increasing the optical path can effectively improve the precision. Therefore, as shown in Fig. 5 , we change the experimental optical path to increase the number of reflections and the laser beam can be reflected thrice by the target. Being similar to Fig. 1 , fixing (2) with the actual optical path ðÁL ¼ ð2 cos þ 1ÞÁLÞ in Fig. 5 , we get
which means that the resolution will become ÁL ¼ =ð4 cos þ 2Þ. In this experiment, we set the rotated angle at about ¼ 10 . Compared with the cases of being reflected vertically and reflected twice, the SMI signals are recorded in Fig. 6 . Obviously, the number of fringes is increased from three and six to ten. The experimental results are in good consistence with the theoretical analysis. Under this circumstance, the fringe precision can be raised to 1/6 wavelength.
Discussion
In principle, as long as the reflected light is incident normally on the mirror (M 1 or M 2 ) at any time, this method should be possible to have an arbitrarily high number of passes between M 1 and M 2 , resulting in an arbitrary displacement sensitivity gain ðGÞ
NÀ1 cos n NÀ1 (6) where is the rotated angle and N is the number of reflections ðN ! 2Þ on M 1 . In other words, the resolution is P N; ¼ ÁL ¼ =½2GðN; Þ. From (6), it can be seen that a higher fringe precision relies on a smaller angle and a larger number of reflections. However, with the increase in the number of reflections, the final incidence angle NÀ1 ð NÀ1 ¼ =ðN À 1ÞÞ is so small that adjusting the external mirror will be difficult. Besides, there are two other factors that must be considered in the actual experiment: a) Due to multiple reflections between M 1 and M 2 , the laser beam collimation must be taken into account to ensure that the light intensity is high enough; and b) the length of M 1 and the minimum distance between M 1 and M 2 . Obviously, the number of reflections depends on the length of the target. When the target's area is small, it is difficult to guarantee multiple reflections on the target. Similarly, for a fixed number of reflections, a longer distance will require a longer length of the target. These three factors are mutual restrictions, so in practice, for different lengths of the target, it is not easy to adjust the external mirror to maintain multiple reflections well.
As a final remark, we discuss the application of this method in actual measurement. Reflecting the laser beam twice or thrice can be easily achieved, and the rotated angle in the measurement process is needed to fix the fringe precision though function 1=cos increases slowly within a certain range of angle (0 -15 ) and is close to 1. If the precision is regarded as 1/4 or 1/6 wavelength, it is no doubt that the error will raise gradually with the increase in the displacement. Therefore, when the rotated angle value is ignored, to reduce the error, we can set =3:94 or =5:94 (reflected twice or reflected thrice, ¼ 10 ) as a moderate and standard precision into the calculation of displacement, instead of using the actual but unknown precision. In the fringe-counting method, the peak-to-peak displacement is calculated as N F P N; , where N F is the fringe number in half period and the error is within P N; . However, due to the uncertainty of the angle, every fringe can cause an error of calculation ðÁP ¼ jP N;10 À P N; jÞ. It will reach the maximum measurable displacement until N F ÁP compensates the D-value of different precision values. The error of precision ðE p Þ can be expressed as E p ¼ ÁP=P N; . Fig. 7 shows the maximum measurable displacement, which means that the error is lower than that of the typical situation (reflected vertically without using M 2 ) and the error of precision at small angles caused by the uncertainty of the incident angle. For our purpose, an approximate angle ð ¼ 10 Þ is expected to obtain a relative high displacement sensitivity gain and good operability. As can be seen from Fig. 7 , the closer the rotated angle is to 10 , the larger the measurable displacement will be and the smaller the error will be. When the uncertainty of the angle is kept within AE2
, the maximum measurable displacements increase rapidly and are far larger than 36 (reflected twice) and 74 (reflected thrice), respectively. Meanwhile, the errors of precision are less than 0.67% (reflected twice) and 0.45% (reflected thrice). Therefore, when the rotated angle is relatively small, it is not necessary to measure the exact value of the angle in practical applications, as long as the measured results are less than these ranges, and this method without the rotated angle can still have a relative high precision and a large measurement range. It must be emphasized again that this method will not have any limit if the rotated angle is measured.
Conclusion
A simple and effective method that can obtain a high fringe precision in SMI by employing an external reflecting mirror has been proposed. Theoretical analysis shows that the resolution of measurement could be enhanced many times compared with the traditional SMI sensor, and meanwhile, the fringe precision can reach to near 1/6 wavelength displacement of the target in the experiment. The compact structure can be adjusted readily in practical applications according to different requirements, and it could be of great use in the measurement of microvibration.
